For growth on D-ribose as a carbon source, Escherichia coli requires the proteins of the high-affinity membrane transport system as well as ribokinase. These proteins are encoded by a set of genes, rbsA, -B, -C, -D, and -K, located as a cluster at 83 min on the linkage map (35) . E. coli can also utilize the ribose moiety of nucleosides either synthesized intracellularly or added to the growth medium. The catabolism of ribose 5-phosphate requires the participation of enzymes of the nonoxidative branch of the pentose phosphate pathway (Fig. 1) . By this pathway, ribose 5-phosphate, ribulose 5-phosphate, and xylulose 5-phosphate are interconverted in reactions catalyzed by ribose phosphate isomerase and ribulose-5-phosphate-3-epimerase (14, 53) . Finally, the conversion of pentose phosphates into the glycolytic pathway intermediates, fructose 6-phosphate and glyceraldehyde 3-phosphate, requires the sequential action of transketolase, transaldolase, and transketolase. Furthermore, ribose 5-phosphate is an important compound of cellular anabolism, as it is utilized as the substrate for the synthesis of phosphoribosyl diphosphate, which serves as a precursor for the biosynthesis of nucleotides and the amino acids histidine and tryptophan (25) . Pentose phosphates are also substrates for the synthesis of erythrose 4-phosphate and sedoheptulose 7-phosphate, which are precursors for aromatic amino acids and cell wall heptoses, respectively (14) .
In E. coli, two ribose phosphate isomerases (D-ribose-5-phosphate ketol-isomerase; EC 5.3.1.6), A and B, have been identified biochemically (10, 13) . The rpiA gene for ribose phosphate isomerase A has been located at 63 min on the linkage map (51) . Ribose phosphate isomerase A is most likely a homodimeric enzyme with a subunit molecular mass of 22, 845 Da (27) . This enzyme is constitutively expressed and accounts for at least 99% of the total ribose phosphate isomerase activity of strains grown in nutrient broth (50) . Strains defective in the rpiA gene are ribose auxotrophs but can use ribose as a carbon source, probably because of the presence of ribose phosphate isomerase B (50) . Spontaneous secondary mutations that lead to ribose prototrophy in rpiA strains occur at a high frequency. It has been suggested that the regenerated ribose phosphate isomerase activity of such a mutant is due to a mutation in a gene for a regulator protein, permitting constitutive synthesis of ribose phosphate isomerase B, whose synthesis is induced by ribose or ribose-containing compounds in wild-type strains (51) . This gene has been designated rpiR.
As an approach to understanding the physiology of the E. coli ribose phosphate isomerases, we cloned the rpiB gene, encoding ribose phosphate isomerase B, and the rpiR gene, encoding a regulator of rpiB gene expression. This article describes the mapping, cloning, and characterization of these two genes. The functions of ribose phosphate isomerases A and B are discussed in terms of their roles in the pentose phosphate pathway.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and plasmids. The E. coli K-12 strains used are listed in Table 1 . Bacterial cultures were grown at 37ЊC, unless otherwise stated. The medium used was either NZY broth (10 g of NZ-amin per liter, 5 g of yeast extract [Oxoid] per liter, and 5 g of NaCl per liter [27] ) or AB minimal medium (9) supplemented with thiamine (0.5 mg/ml). Carbon sources were glucose, ribose, xylose, and melibiose (0.2% [each]). Supplements, when required, were added at the following concentrations: amino acids, 50 g/ml; adenosine, 20 g/ml; adenine, 15 g/ml; ampicillin, 100 g/ml; kanamycin, 30 g/ml; and tetracycline, 10 or 50 g/ml. Cell cultures were incubated in an Aqua Shaker (A. Kühner Inc., Birsfelden, Switzerland) with aeration by shaking (215 rpm). Cell growth was monitored in an Eppendorf PCP6121 photometer as A 436 . An A 436 of 1 (1-cm path length) corresponds to approximately 3 ϫ 10 8 cells per ml. Media were solidified by the addition of 1.5% agar (Difco) to minimal medium or NZY broth ingredients. Plasmids pKIS206, pKIS207, pKIS208, pKIS212, pKIS215, and pKIS222, which are derivatives of pUC19 (55), are described in Fig. 2 . Plasmid pKIS203 was constructed by cloning the 980-bp HindII 2 -EcoRI fragment (Fig. 2) into the EcoRI and HindII sites of pUC19. Plasmid pKIS579, containing the lacA and lacB genes from Streptococcus mutans, was constructed by cloning a 3.3-kbp HindIII DNA fragment of pYA579 (30) into the HindIII site of pUC19.
Genetic techniques. Conjugations were performed by mixing exponentially growing NZY broth cultures of donor and recipient strains in a 1:50 ratio, with subsequent incubation at 37ЊC with very slow shaking for 1 h. The same procedure was used for the transfer of F episomes, except that the donor and recipient strains were grown in minimal medium. When the conjugation of two Hfr strains was performed, the recipient strain was made F Ϫ phenocopy by vigorous shaking as described previously (41) . Bacteriophage P1-mediated transduction, penicillin counterselection, and UV mutagenesis were performed essentially as described previously (29, 41) . The mel marker was scored on MacConkey agar medium supplemented with melibiose (1%) or on minimal medium supplemented with melibiose and adenosine to satisfy the ribose requirement of rpiA strains. The psd(Ts) marker was scored on minimal medium at 42ЊC, with 32ЊC being the permissive temperature. The purA marker was scored on medium lacking adenine. Transformation with plasmid DNA has been described previously (39) .
DNA procedures. Methods for the isolation of plasmid, single-stranded phage, chromosomal, and bacteriophage DNAs were previously described (4, 11, 48) . Restriction endonuclease digestion and ligation with T4 DNA ligase were carried out as recommended by the suppliers (Boehringer Mannheim Biochemicals and New England Biolabs, Inc.).
The end labelling of DNA fragments was carried out by incubating DNA, eventually dephosphorylated by calf intestinal alkaline phosphatase treatment, with [␥-32 P]ATP (0.7 M [100 TBq/mmol]) and T4 polynucleotide kinase (Gibco BRL), as previously described (48) . The hybridization of a probe to DNA of the entire collection of bacteriophage clones of Kohara et al. (32) , immobilized on a nylon membrane, was performed as recommended by the membrane supplier (Takara Biochemical, Inc.).
Single-stranded templates for nucleotide sequence determination were obtained by cloning various overlapping restriction endonuclease-generated DNA fragments into the replicative form of bacteriophage M13mp18 or M13mp19 with NM522 as the host strain (17, 58) . The entire nucleotide sequence of both strands with complete overlaps of all cloning junctions was determined with the Sequenase DNA polymerase version 2.0 (U.S. Biochemical Corp.), and labelling was performed with 35 S-deoxyadenosine 5Ј-O-(1-thiotriphosphate) (New England Nuclear Corp.). The sequence reaction products were separated in 6 or 8% polyacrylamide denaturing gels, and the sequences were read from the autoradiograms of dried gels (48) . The primers used were the M13 universal primers, whereas other synthetic oligonucleotides (purchased at Hobolth DNA Syntese, Hillerød, Denmark) were used for the sequencing of overlapping regions.
Enzyme assays. Exponentially growing cells were harvested by centrifugation at an A 436 of 1.0 and concentrated 10-fold in 50 mM potassium phosphate buffer (pH 7.2)-1 mM EDTA. After disruption for 45 s at 0ЊC in an ultrasonic disintegrator (Measuring and Scientific Equipment, Ltd., London, United Kingdom), the debris was removed by centrifugation. The activities of ribose phosphate isomerase and ␤-lactamase were determined by previously published procedures (2, 27, 43) . Protein content was determined by the method of Lowry et al. (37) , with bovine serum albumin as a standard.
Inactivation of the rpiB gene. The rpiB gene was disrupted by inserting a kanamycin resistance-encoding BamHI DNA fragment from plasmid pUC4-K (55) into the BclI site in the rpiB gene of plasmid pKIS212 (Fig. 2B) . The resulting mutant allele (rpiB137::Kan r ) harbored in pKIS215 was transferred to the chromosome by homologous recombination with a polA1 strain and bacteriophage P1-mediated transduction as previously described (5, 26) . Insertion of the kanamycin resistance-encoding fragment in the chromosome of HO1458 was verified by PCR (22) . The two synthetic oligonucleotides used were complementary to nucleotides of codons 17 to 22 of rpiB (5Ј-GTGCCACTATTTCATG-3Ј) and nucleotides of codons 8 to 13 of rpiR (5Ј-CCGTTCGGAAGCGCTG-3Ј) and were annealed to the template at 55ЊC. After 30 cycles of PCR, a DNA fragment of 1,724 bp was obtained with the DNA of strain HO1458 (rpiB::Kan r ) as the template, whereas a DNA fragment of 460 bp was obtained with the DNA of strain HO340 (rpi ϩ ) as the template. Restriction endonuclease digestion of the 1,724-bp PCR product confirmed that the inserted DNA was the kanamycin resistance-encoding fragment.
Primer extension. Cells were grown exponentially at 37ЊC in NZY broth containing ribose. At an A 436 of 1.0, cells were chilled rapidly by the addition of ice and harvested by centrifugation. Total RNA was isolated essentially as previously described (52) . The synthetic oligonucleotides used were the same as those used for PCR. Each primer was labelled on the 5Ј end as described above. To determine the 5Ј ends of transcripts, 10 ng of labelled primer was hybridized to 5 g of total RNA. The hybridized primer was then extended by the addition of the four deoxyribonucleoside triphosphates and Moloney murine leukemia virus reverse transcriptase (Gibco BRL) (52) . The extension products were applied to 8% polyacrylamide sequencing gels adjacent to comigrating DNA sequence ladders that were generated from the same primers on recombinant M13 DNA templates.
Analysis of plasmid-encoded polypeptides. Plasmids were transformed into the E. coli minicell-producing strain HO644. Minicells were then prepared and incubated with [ . Polypeptides were extracted and analyzed by electrophoresis through a 15% polyacrylamide gel containing sodium dodecyl sulfate (SDS) (33) . After being stained with Coomassie brilliant blue R-250, the gel was submitted to autoradiography.
Computer-assisted sequence analysis. Amino acid sequences were compared by using programs based on the BLAST algorithm (1) at the National Center for Biotechnology Information Services. The BLASTP program was used to screen the amino acid sequence database.
Nucleotide sequence accession number. The sequence of the 2,312-bp HindIIISspI DNA fragment has been submitted to the EMBL data bank and been assigned accession number X82203. (19) , phosphoribosyl diphosphate synthetase (prs) (24, 28) , ribokinase (rbsK) (14) , ribose phosphate isomerase A (rpiA) (27) , ribose phosphate isomerase B (rpiB), transaldolase (tal), and transketolase (tkt) (14) . No gene has been assigned to ribulose-5-phosphate-3-epimerase (Rpe). Ribose 1-phosphate also can be formed by the phosphorolysis of uridine, catalyzed by uridine phosphorylase (udp), or by phosphorolysis of xanthosine, catalyzed by xanthosine phosphorylase (xapA) (6, 34) . [32] with the corrections of Makino et al. [38] ). Below the restriction map is shown the extent of bacteriophage 10H5(642). Below this, a restriction map of a 4.6-kbp HindIII-EcoRV DNA fragment is shown, with relevant open reading frames indicated by arrows. Broken arrows indicate open reading frames not completely included on this fragment. The structures of the plasmids used for deletion and enzyme analyses, as well as for analysis of plasmid-specified polypeptides, are shown as black rods. Plasmid pKIS206 was constructed by digesting the DNA of 10H5(642) with restriction endonucleases HindIII and EcoRV and ligating this DNA to HindIII-HindII-digested pUC19 DNA. Plasmid pKIS207 was constructed by ligating ClaI-SspI-digested pKIS206 DNA to AccI-SmaI-digested pUC19 DNA, whereas pKIS208 was constructed by ligating HindIII-ClaI-digested pKIS206 DNA to HindIII-AccI-digested pUC19 DNA. Plasmid pKIS212 was obtained by digestion of pKIS206 DNA with restriction endonuclease PvuII. This treatment removed most of the phn operon as well as part of the lacZ gene of the vector. Plasmid pKIS215 was obtained by ligating the kanamycin resistance-encoding BamHI-generated DNA fragment of pUC4-K to the unique BclI site of pKIS212. Plasmid pKIS222 was constructed by digestion of pKIS206 DNA with restriction endonucleases PvuII and HindII and subsequent ligation. By this treatment, the HindII 2 -PvuII DNA fragment was ligated to the PvuII site of the vector, thereby deleting the lac promoter (P lac ) and part of the lacZ gene of the vector along with most of the phn operon. On the right, the phenotype that each plasmid confers to strain HO847 (⌬rpiA101) Cloning of rpiB and rpiR. To clone the rpiB gene, we exploited the fact that a strain defective in the rpiA gene is a ribose auxotroph; we expected that the presence of rpiB on a multicopy plasmid would suppress this ribose auxotrophy. A chromosomal EcoRI DNA library of strain HO810 (rpiA1 rpiR114) was generated in pUC19 and transformed into strain HO847 (⌬rpiA101). By selecting for ribose prototrophy and ampicillin resistance, we obtained transformants harboring plasmids with a 7.8-kbp insert. The ribose phosphate isomerase B activities in these transformants were only twofold higher than that of the host strain, despite the high copy number of pUC19. Furthermore, subcloning and sequencing revealed that only the promoter and N-terminal coding part of the presumed rpiB gene were cloned. This suggested that the increased enzyme activity was not a consequence of plasmidspecified ribose phosphate isomerase B activity but rather was caused by titration of a repressor protein, resulting in increased expression of the chromosomal rpiB gene.
RESULTS

Isolation
To clone the entire gene, a DNA fragment containing the rpiB promoter and the N-terminal coding part of the gene was used as a probe. By using an E. coli gene mapping membrane containing DNAs of the entire collection of bacteriophage clones of the Kohara gene library (32), the probe was shown to hybridize to the DNAs of three phages. The inserts of these phages, 12A6(641), 10H5(642), and 12H2(643), overlapped the region at approximately 92.85 min on the linkage map, equivalent to 4,393 kbp on the physical map. A 4.6-kbp EcoRV-HindIII DNA fragment, including sequences 1.7 kbp upstream and 2.6 kbp downstream of the N-terminal coding part of rpiB, was cloned from bacteriophage 10H5(642), yielding plasmid pKIS206 (Fig. 2B) . The transformation of pKIS206 DNA into strain HO847 (⌬rpiA101) yielded transformants that were ribose prototrophs. To further locate the rpiB gene within the cloned DNA fragment, restriction and deletion analyses were performed (Fig. 2B) . Plasmids containing the 2,462-bp HindIII-PvuII DNA fragment (pKIS212), the 1,501-bp HindII 2 -PvuII DNA fragment (pKIS222), or the 687-bp ClaI-SspI DNA fragment (pKIS207) were able to suppress the ribose requirement of the rpiA strain. Strain HO847/pKIS215 (rpiB::Kan r ) was a ribose auxotroph, showing that the insertion of the kanamycin resistance-encoding DNA fragment into this plasmid inactivated the rpiB gene. The phenotypes of plasmid-harboring cells were in agreement with the measured activities of ribose phosphate isomerase B (Table 2 ). Cells harboring plasmids that converted the rpiA strain to ribose prototrophy (pKIS206, pKIS207, pKIS212, and pKIS222) had 5-to 28-foldhigher enzyme activities than that of the haploid strain HO847/ pUC19, whereas plasmids unable to suppress the ribose requirement of the rpiA strain (pKIS208 and pKIS215) specified an enzyme activity similar to that observed in the haploid strain HO847/pUC19. On the basis of these results, we concluded that the coding part of the rpiB gene was located on the 687-bp ClaI-SspI DNA fragment.
Furthermore, we found that transformants of strain HO810 (rpiA1 rpiR114) harboring pKIS208 (rpiR ϩ ) were ribose auxotrophs. This result showed that the 1,620-bp HindIII-ClaI DNA fragment complemented the mutant rpiR allele, indicating that the rpiR gene was located on this fragment.
Regulation of rpiB gene expression. Comparison of the ribose phosphate isomerase B activities presented in Table 2 showed that cells harboring pKIS206 (rpiB ϩ rpiR ϩ ) contained an enzyme activity of 1.3 mol/min/mg of protein when grown without ribose, whereas the activity was 3.1 mol/min/mg of protein when cells were grown with ribose. This indicated that the presence of ribose caused a 2.5-fold induction of ribose phosphate isomerase B synthesis. Furthermore, in the absence of ribose, cells harboring pKIS222 (rpiB ϩ ) showed a four-to fivefold-higher ribose phosphate isomerase B activity compared with that of cells harboring pKIS206 (rpiB ϩ rpiR ϩ ). This result indicates that rpiB gene expression is negatively affected by the rpiR gene product.
Plasmid-encoded polypeptides. To identify the rpiB gene product, plasmids pKIS206 (rpiB ϩ rpiR ϩ ), pKIS207 (rpiB ϩ ), pKIS203 (⌬rpiB ⌬rpiR), and pUC19 were introduced into the minicell-producing strain HO644. The encoded polypeptides were analyzed by SDS-polyacrylamide gel electrophoresis (Fig.  3) . Both plasmids that supported the growth of an rpiA strain in the absence of ribose, pKIS206 and pKIS207, produced a band that was unique for these plasmids (Fig. 3B [arrow a] ). This band, which showed higher intensity with pKIS207, represented a polypeptide with an M r of 16,000. The size and band intensities were in agreement with the subunit size deduced from the amino acid sequence and the difference in the enzyme activities of cells harboring pKIS206 and pKIS207. This band with an M r of 16,000 was also visible on the Coomassie-stained gel (Fig. 3A) and was assumed to represent the ribose phosphate isomerase B subunit. Plasmid pKIS203 contained the sequence from the HindII 2 site to the EcoRI site within the rpiB gene. This plasmid produced a unique band that migrated a Cells were grown in glucose minimal medium without (Ϫ) or with (ϩ) ribose. b Enzyme activities are normalized for plasmid copy number by using the ␤-lactamase activity of strain HO847/pKIS206 as a reference.
c -, no growth. d ND, not determined.
as a polypeptide with an M r of approximately 10,000 (Fig. 3B  [arrow b] ). This polypeptide most likely represented a truncated form of the ribose phosphate isomerase B subunit. A band representing the rpiR gene product was not observed in cells harboring plasmid pKIS206. Nucleotide sequence of the rpiB and rpiR genes. We determined the nucleotide sequence of the 2,312-bp HindIII-SspI DNA fragment harboring the rpiB and rpiR genes (Fig. 4) . This fragment contained two divergent open reading frames. The open reading frame representing rpiB was transcribed clockwise and encoded a polypeptide of 149 amino acids, with a calculated molecular mass of 16,063 Da. A sequence (GGGG AAG) resembling a ribosome binding site (16) was located upstream of the initiation codon (AUG). The sequence TGTG AAGTTTTGCAC (nucleotides 1,670 to 1,684), which immediately precedes the putative rpiB ribosome binding site, conforms well to the consensus operator sequence associated with the binding of regulator proteins such as GalR and the cyclic AMP-catabolite gene activator protein complex (12, 40) . The region downstream of rpiB contained the downstream end of the phn operon, as shown by sequence identity with a previously published sequence (38) . A second open reading frame, located upstream of rpiB, was transcribed counterclockwise and consisted of 296 codons, which was sufficient to encode a polypeptide with a molecular mass of 32,341 Da. Complementation analyses and enzyme activity determinations indicated that this open reading frame represented the rpiR gene. The presumed start codon of rpiR was preceded by a sequence (AAGAGAA) with good homology to a consensus ribosome binding site. The very AT-rich leader region of rpiR contained a large inverted repeat sequence encompassing nucleotides 1,413 and 1,454 as well as several direct repeat sequences. A third open reading frame, ORF3, with the same orientation as that of the rpiR gene, began 58 bp after the stop codon of rpiR and was preceded by a putative ribosome binding site (GAGAACA).
Transcription of rpiB and rpiR. The 5Ј ends of rpiB-and rpiR-specified mRNAs were mapped by primer extension (Fig.  5) . The transcription start site for rpiB mRNA synthesis was mapped to the G at nucleotide 1,607 (Fig. 5A) . Consistent with this, we found a hexanucleotide sequence, TAAAAC, with good homology to a consensus Ϫ10 region (20) located with proper spacing to the transcription start site (Fig. 4) . In addition, we found a hexanucleotide resembling a Ϫ35 region with proper spacing from the Ϫ10 region.
Several transcription start sites were found for rpiR mRNA synthesis (Fig. 5B) . The major start point was mapped to the A at nucleotide 1,481 (lower strand), with minor start points at the A's located at nucleotides 1,482 and 1,487. The start points at nucleotides 1,481 and 1,482 might correspond to a promoter with a Ϫ10 region at nucleotides 1,489 to 1,494 (ACTAAT), while the start point at nucleotide 1,487 might correspond to a promoter with a Ϫ10 region at nucleotides 1,494 to 1,499 (TTTAAA). Regions with homology to a consensus Ϫ35 region and in proper spacing to the Ϫ10 regions were not found, indicating that DNA sequences upstream and downstream at the Ϫ35 region might be important in this promoter (8) . Furthermore, we identified a region of dyad symmetry after the rpiB gene at nucleotides 2,150 to 2,177 which might represent a rho-independent transcription terminator for the rpiB gene (57) . No terminator sequence succeeding the rpiR gene was found.
Sequence similarities. The predicted amino acid sequences of ribose phosphate isomerase B, RpiR, and the ORF3-encoded protein were analyzed for amino acid similarities to the sequences available in peptide databases, as described in Materials and Methods. We were unable to find significant amino acid similarity between ribose phosphate isomerases A and B. Instead, ribose phosphate isomerase B showed 53% identity to an uncharacterized polypeptide of Bacillus subtilis (15) and approximately 40% identity to both lacA-and lacB-encoded subunits of the galactose 6-phosphate isomerases from Staphylococcus aureus (46) , S. mutans (47) , and Lactococcus lactis (54) . Galactose 6-phosphate isomerase catalyzes the interconversion of galactose 6-phosphate and tagatose 6-phosphate. This reaction is unknown in E. coli. Transformation with the multicopy plasmid pKIS579, harboring the lacA and lacB genes from S. mutans (30) , resulted in the suppression of the ribose requirement of E. coli HO847 (⌬rpiA101). When cells were grown in the absence of ribose, the ribose phosphate isomerase activity of strain HO847/pKIS579 (lacA ϩ lacB ϩ ) S. mutans was 0.7 mol/min/mg of protein, compared with 6.0 mol/min/mg of protein for strain HO847/pKIS222 (rpiB ϩ ). This showed that galactose 6-phosphate isomerase is able to use a pentose phosphate as a substrate.
The rpiR gene product was 24% identical and 46% similar to a protein of similar size (molecular mass, 31,254 Da) encoded by the ORFB gene, which is located upstream of the nagH gene in Clostridium perfringens (7) . The function of the ORFBencoded protein is unknown. Inspection of the deduced amino acids 50 to 69 of RpiR revealed similarities to the ␣-helix-␤-turn-␣-helix motifs found in the DNA-binding domains of transcription repressors and activators (45) . The deduced amino acid sequence of the N-terminal part of ORF3 was more than 30% identical to similar sequences of each of the Dribose-binding proteins (RbsB) of B. subtilis, E. coli, and Salmonella typhimurium (18, 56) .
Growth analysis of rpiA, rpiB, and rpiA rpiB strains. The phenotypes, i.e., growth on carbon sources, of strains harboring rpiA and rpiB mutations individually or in combination were analyzed (Table 3 ). In accordance with previous observations, strain HO890 (rpiA::Tet r ) was ribose prototrophic (51) and slightly impaired in the utilization of ribose compared with that of the wild-type strain (HO340). In contrast, the presence of the rpiB::Kan r allele (strain HO1459) had no effect. Thus, ribose phosphate isomerases A and B appeared to be able to convert ribose 5-phosphate to ribulose 5-phosphate. In addition, both enzymes were able to catalyze the reverse reaction. The rpiB::Kan r rpiA ϩ strain (HO1459) grew without ribose, demonstrating that ribose phosphate isomerase A catalyzed the conversion of ribulose 5-phosphate to ribose 5-phosphate. Although the rpiA::Tet r rpiB ϩ strain (HO890) was ribose auxotrophic, it readily mutated to ribose prototrophy. These rpiA rpiB ϩ rpiR strains retained the mutant rpiA allele, demonstrating that ribose phosphate isomerase B catalyzed the conversion of ribulose 5-phosphate to ribose 5-phosphate. However, the double mutant, rpiA::Tet r rpiB::Kan r (HO1460), was severely impaired in growth under all conditions tested. This strain required ribose for growth. In addition, a compound which can be converted to xylulose 5-phosphate, e.g., xylose or glucose, was required. Growth on rich medium was also impaired, and the addition of ribose to rich medium caused a severe inhibition of growth (data not shown). It is likely that this inhibition is caused by an accumulation of ribose 5-phosphate. The results presented above demonstrated that two mutations were necessary to prevent the reversible isomerization of ribulose (Fig. 5) . The dashed arrows above nucleotides 2,150 to 2,177 indicate a putative transcription terminator (57) . Divergent arrows below part of the RpiR amino acid sequence illustrate a helix-turn-helix motif. A region that exhibits homology with the consensus operator binding sequence (nucleotides 1,670 to 1,684) (12, 40) is indicated by white letters in a black box.
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5-phosphate and ribose 5-phosphate, thus confirming the results of biochemical analysis, which showed the existence of two enzymes catalyzing this reaction (13, 51) .
DISCUSSION
The subunit molecular mass of ribose phosphate isomerase B was established as 16,063 Da. Gel filtration revealed the M r of the native enzyme to be 32,000 to 34,000 (13) , indicating that this enzyme is a homodimer. The subunit molecular mass of ribose phosphate isomerase A was calculated to be 22,845 Da (27) . Both enzymes appeared to catalyze the same reaction. It is therefore surprising that there was no sequence homology between the two enzymes. This, together with the fact that S. mutans galactose 6-phosphate isomerase revealed a high degree of similarity to E. coli ribose 5-phosphate isomerase B and that the S. mutans enzyme substituted for the E. coli pentose phosphate isomerase, seems to suggest that the pentose phosphate isomerase activity of E. coli ribose phosphate isomerase B is a secondary function. However, it remains to be established that E. coli ribose phosphate isomerase B can use a hexose phosphate as a substrate. Expression of the rpiB gene appeared to be negatively regulated by the product of the upstream rpiR gene. We observed fivefold-lower ribose phosphate isomerase B activity in a strain harboring plasmid-borne rpiB and rpiR genes than that in a strain harboring a plasmidborne rpiB gene. This effect is similar to results presented before, which revealed a sevenfold increase in the expression of ribose 5-phosphate isomerase B activity after the addition of ribose or nucleosides, both of which are catabolized via ribose 5-phosphate (13, 51) . Furthermore, the ribose 5-phosphate isomerase activities in rpiR strains are more than 100-fold higher than those of uninduced wild-type strains, indicating that the addition of ribose is not enough to fully induce rpiB gene expression. Finally, derepression of rpiB gene expression has so far been observed only in strains harboring an rpiA mutation (13) .
Several results indicated that the rpiR gene was weakly expressed. (i) A titration effect on the expression of the chromosomal rpiB gene is observed by cloning the rpiB promoter region in trans on a multicopy plasmid, and a plasmid-borne rpiB gene is expressed efficiently despite the presence of the chromosomal rpiR gene. (ii) Analysis of minicells harboring a plasmid-borne rpiR gene reveals no polypeptide of the expected size (molecular mass, 32,341 Da). (iii) None of the rpiR promoters have consensus Ϫ35 regions.
The inducer for ribose phosphate isomerase B and the mechanism by which RpiR regulates rpiB gene expression remain to be elucidated. A helix-turn-helix motif characteristic of many regulatory proteins was found in the N-terminal part of RpiR, indicating a DNA-binding function. The regulatory mechanism may involve the unusually AT-rich intergenic region, which contains one large inverted repeat sequence, several direct repeat sequences, and a region with homology to a consensus operator sequence (Fig. 4) . Obviously, the roles of these potential promoter elements for rpiB and rpiR gene regulation await more detailed study.
The entire nucleotide sequence of the HindIII-SspI DNA fragment is also AT rich. The AϩT content (55%) is significantly higher than the approximately 49% AϩT content found to be the average for the whole E. coli genome (44) . This could indicate that these genes were transferred to E. coli from an ancestor with a more AϩT-rich genome, such as B. subtilis, S. mutans, or S. aureus, all of which encode proteins with very high homologies to ribose phosphate isomerase B.
